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We report on a novel and efficient source of polarization squeezing using a single pass through an optical 
fiber. Simply passing this Kerr squeezed beam through a carefully aligned A/2 waveplate and splitting it on a 
polarization beam splitter, we find polarization squeezing of up to 5.1 ± 0.3 dB. The experimental setup allows 
for the direct measurement of the squeezing angle. 
© 2008 Optical Society of America 
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The budding field of quantum information holds 
promise to revolutionize communication. In particular 
the field of quantum information with continuous vari- 
ables has received much attention in the last decades 
with the realization, for instance, of quantum telcpor- 
tation, quantum cryptography and dense coding. 1 Most 
of these protocols require the use of squeezed (or en- 
tangled) states of light that are generally detected us- 
ing a strong local oscillator, which makes the scalabil- 
ity of quantum networks difficult. Recently, polarization 
squeezing has attracted much attention 2-6 as it can be 
measured in direct detection, 7 making it especially at- 
tractive for cryptography and other quantum communi- 
cation applications. Furthermore the flucuations of the 
polarization variables can be mapped onto the collective 
fluctuations of an atomic ensemble, paving the way to 
quantum memory. 8 To date polarization squeezing has 
been achieved using the nonlinear interactions in Opti- 
cal Parametric Amplifiers, 4 optical fibers 5 and atomic 
media. 6 

In this paper we present the results of a novel and 
efficient method of bright pulse polarization squeezing 
generation using the Kerr effect in an optical fiber. This 
setup is greatly simplified relative to other schemes and 
leads to high squeezing levels. Further, this method en- 
ables us to completely characterize all quadratures of the 
state exiting an optical fiber. In particular we measured 
the angle by which the squeezed uncertainty region has 
been rotated by the nonlinear Kerr effect. 

It has been known for a long time that the optical Kerr 
effect in glass fiber can generate quadrature squeezing. 
This third order nonlinear effect (x 3 ), also refered to as 
Self Phase Modulation produces an intensity dependent 
change in the refractive index. The squeezing generation 
can be understood by a single mode picture represented 
in Fig. 1(a): since different amplitudes experience differ- 
ent rotations in phase space, the fluctuation circle (corre- 
sponding to shot noise) of the input field is transformed 
into an ellipse. The squeezed quadrature is rotated by 
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Fig. 1. Representation in phase space of a) the effect of 
Kerr squeezing on a coherent beam, and of b) the light 
state exiting the fiber in our setup. 



the angle sq relative the amplitude quadrature. Since 
the Kerr effect conserves photon number, the amplitude 
fluctuations remain at the shot noise level preventing di- 
rect detection of the squeezing. 

Polarization squeezing overcomes this problem. It can 
be generated by overlapping two quadrature squeezed 
beams produced in the two orthogonal polarization 
modes of the fiber, visualized by a x and a y in Fig. 1(b). 
This setup, seen in Fig. 2, is similar to our previous ex- 
periment producing polarization squeezing, 5 where in- 
stead two amplitude squeezed beams were generated. 
These were produced in an asymmetric Sagnac inter- 
ferometer 9-11 in which a strong Kerr squeezed pulse is 
transformed into amplitude squeezing by interference 
with a weak auxilliary pulse; squeezing by this princi- 
ple can also be achieved using a Mach Zehnder interfer- 
ometer. 12 This intereference of a strong squeezed and 
a weak "coherent" beam however gives rise to a loss 
in squeezing due to the dissimilarity of the pulses. In 
this paper's setup we avoid this destructive effect by 
mutually interfering two strong Kerr squeezed pulses in 
a Stokes measurement, with the potential to measure 
more squeezing. Formally this interference of equally 
squeezed pulses is reminiscent of earlier experiments pro- 
ducing vacuum squeezing. 13, 14 Further advantages of the 
present setup is a greater robustness against input power 
fluctuations and the ability to measure squeezing at all 
powers. 

To describe the quantum polarization state of a light 
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field it is helpful to introduce the quantum Stokes pa- 
rameters. 7 These are defined in analogy to their classical 
counterparts: 

S = a x a x + a y a y , Si = a x a x - a y a y , 

S 2 = al&y + ala x , S3 = i(a y a x - a x a y ) . (1) 

Following the non-commutation of the photon anni- 
hilation and creation operators, a x j y and & x / v , these 

Stokes parameters obey the relations: [So, Si) = and 
[Si, Sj] = 2ieijkSk with {i, j,k} — 1,2,3. These rela- 
tions lead to Hciscnbcrg inequalities for the fluctuations 
of these parameters that depend on the mean polariza- 
tion state. 7 For instance, let us consider the situation 
where the modes a x and a y have the same amplitude but 
phase shifted by tt/2 (Fig. 1(b)): (a x ) = i (a y ) = ia/\[2, 
a being a real number. This light is circularly polarized 
((Si) = (S 2 ) = 0; (S s ) = (So) = a 2 ) and the only non- 
trivial Heisenberg inequality is A 2 ^ A 2 S 2 > |(<S3)| 2 = 
a 4 , where A 2 Sj refers to the variance (Sj) — (Sj) 2 . Polar- 
ization squeezing is achieved if the variance A 2 Sg (vari- 
ance of a general Stokes parameter rotated by an angle 
6 in the S1-S2 plane) is below the shot noise level: 

A 2 S e <\(S 3 )\ = a 2 where & = cos0S\+sin0SV (2) 

To fully characterize the polarization fluctuations, one 
can express the fluctuations of the Stokes parameters in 
terms of the noise of the linearly polarized modes a x 
and a y . Since the fluctuations are small compared to the 
mean values (5a x , Sa y << a), we find: 

SS e = a(6X Xi e-6X yt e)/V2. (3) 

Here X x / y g corresponds to the quadrature rotated by an 
angle 6 for x and y polarizations, visualized in Fig. 1(b) 
and Fig. 3. The amplitude and phase quadratures are 
found for 9 = and 6 = tt/2. 

The modes x and y propagate through the same fiber 
with identical amplitudes. They experience the same 
nonlincarity, and thus have the same quadrature noise 
A 2 X Xi g = A 2 X y ,g = A 2 Xg. We assume the noise to be 
uncorrelated since the modes are temporally and spa- 
tially separated by the fiber birefringence. With this as- 
sumption, the measured noise corresponds to the noise of 
the rotated quadrature, A 2 ^ = a 2 A 2 Xg. Polarization 
squeezing is seen in a certain quadrature, rotated by the 
angle 9 sq . This leads to two conclusions: i) we can eas- 
ily produce polarization squeezing using this setup and, 
ii) by measuring the fluctuations of the Stokes parame- 
ters we can characterize the light state, in particular its 
quadrature noise A 2 Xg. 

The experimental setup is seen in Fig. 2. We use 
a Cr 4+ :YAG laser emitting 130 fs FWHM pulses at 
1497 nm at a repetition rate of 163 MHz. This beam 
is coupled into the two orthogonal polarization axes of a 
13.3 m polarization maintaining fiber (3M FS-PM-7811, 
6 /jm core diameter). In this manner we generate two in- 
dependent Kerr squeezed beams in a single pass through 



a fiber. After the fiber, the pulses' intensities are ad- 
justed to be identical and they are aligned to temporally 
overlap. The fiber's polarization axes exhibit a strong 
birefringence (beat length 1.67 mm) that must be com- 
pensated. To minimize losses at the fiber output, we pre- 
compensate the pulses in an unbalanced Michclson-like 
interferometer that introduces a tunable delay between 
the polarizations. 5, 12 At the output, 0.1% of the light is 
used as an input signal for an control loop which main- 
tains a constant relative phase of tt/2 between the ex- 
iting pulses, producing a circularly polarized beam (not 
explicitly shown). 




Cr 4 ~:YAG Laser 



Fig. 2. Eexperimental setup for efficient polarization 
squeezing generation. 

We measure the noise of a given Stokes parameter with 
the half waveplate (A/2) and a PBS. The PBS outputs 
are measured directly using detectors with Epitaxx-500 
photodiodes and a low pass filter (<40 MHz) to avoid AC 
saturation due to the laser repetition rate. The measure- 
ment frequency is 17.5 MHz on a HP8595E spectrum 
analyzer with a resolution bandwidth of 300 kHz and a 
video bandwidth of 30 Hz. The difference between the 
two photocurrents is given by: 

i_ cx cos 4$ Si + sin 4$ S 2 = £4$, (4) 

where $ is the rotation angle of the waveplate compared 
to the x axis. Rotating the waveplate effectively rotates 
the measured Stokes parameter in the S1-S2 plane, al- 
lowing a complete measurement of the polarization noise. 
Using the fact that the amplitude fluctuations of the two 
individual modes x and y are at the shot noise level, the 
Heisenberg uncertainty limit is determined by measuring 
A 2 iSi. This shot noise calibration was checked using a co- 
herent beam with the same amplitude directly from the 
laser. 

A plot of the measured noise as the A/2 waveplate is 
rotated is seen in Fig. 3. The pulse energy is 83.7 pJ (soli- 
ton energy 56±4 pJ). We find an oscillation between very 
large noise and squeezing, as expected from the rotation 
of a squeezed state. Plotted on the x-axis is the projec- 
tion angle 9, i.e. the angle by which the state has been 
rotated in phase space, inferred from the waveplate angle 
(9 = 4$). For 9 = 0, an Si measurement, we find a noise 
value equal to the shot noise. Rotation of the state by 9 sq 
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makes the squeezing in the system observable by project- 
ing out only the squeezed axis of the uncertainty ellipse. 
Further rotation brings a rapid increase in noise as the 
excess phase noise, composed of the anti-squeezing and 
classical thermal noise, becomes visible. This is similar to 
experiments using local oscillators, however here no sta- 
bilization is needed after production of the polarization 
squeezed state. This may be important for experiments 
with long acquisition times, i.e. state tomography. 
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Fig. 3. Noise against phase-space rotation angle for the 
rotation of the measurement A/2 waveplate for a pulse 
energy of 83.7 pJ using 13.3 m 3M FS-PM-7811 fiber. In- 
set: Schematic of the projection principle for angle 9. Re- 
sults are corrected for —86.1 ± 0.1 dBm electronic noise. 

The squeezed and anti-squeezed quadratures and the 
squeezing angle, 9 sq , of this state were investigated as 
a function of pulse energy (Fig. 4). The maximum ob- 
served squeezing is — 5.1±0.3 dB at an energy of 83.7 pJ. 
Squeezing saturation is seen at high power, likely due 
to the overwhelming excess phase noise which distorts 
the uncertainty ellipse. The losses of the setup were 
found to be 20.5%: 4% from the fiber end, 7.8% from 
optical elements and 10% from the photodiodes. Thus 
we have generated a maximum polarization squeezing 
of —8.8 ± 0.8 dB. This value agrees better with theo- 
retical predictions. 16 Investigating the squeezing angle, 
9, we find that the rotation of the uncertainty region 
necessary to observe squeezing decreases with increasing 
power. This is expected as, despite an increasing anti- 
squeezing, the amplitude noise of a Kerr squeezed beam 
remains constant. Saturation is also apparent in 9 sq mak- 
ing a clean projection of the squeezing difficult. This po- 
larization squeezing setup could be further investigated 
for different fiber lengths as well as types and theoretical 
description of the setup could be implemented. 

We see potential for further improvement of our — 5.1± 
0.3 dB squeezing produced in our novel and efficient 
setup, namely with better photodiodes and an all fiber 
setup in which losses are minimized. The developement 
of specialty microstructured fibers with lower classical 
phase noise is expected to also improve our result, 15 
bringing us yet closer to the theoretically predicted max- 
imal fiber squeezing. 16 Polarization and quadrature en- 
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Fig. 4. Results for 13.3 m 3M FS-PM-7811 fiber as a func- 
tion of pulse energy: a) the squeezing and excess phase 
noise and b) the squeezing angle. The energy at which a 
first order soliton is generated (56±4 pJ) is shown by the 
dashed line. Results are corrected for —86.1 ± 0.1 dBm 
electronic noise. 



tanglcmcnt can be directly produced from this resource, 
both important tools in many quantum communication 
protocols. 
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